In this study, inorganic silicon oxide (SiO x )/organic silicon (SiC x H y ) stacked layers were deposited by a radio frequency inductively coupled plasma chemical vapor deposition system as a gas diffusion barrier for organic light-emitting diodes (OLEDs). The effects of thicknesses of SiO x and SiC x H y layers on the water vapor transmission rate (WVTR) and residual stress were investigated to evaluate the encapsulation capability. The experimental results showed that the lowest WVTR and residual stress were obtained when the thicknesses of SiO x and SiC x H y were 300 and 30 nm, respectively. Finally, different numbers of stacked pairs of SiO x /SiC x H y were applied to OLED encapsulation. The OLED encapsulated with the six-pair SiO x /SiC x H y exhibited a low turn-on voltage and low series resistance, and device lifetime increased from 7 h to more than 2000 h.
Introduction
Organic light-emitting diodes (OLEDs) have been attracting increasing attention recently because of their low production costs, fast response time, flexibility, and high efficiency. However, the organic and electrode materials in OLED devices are very sensitive to moisture and oxygen, making it important to develop encapsulation against moisture permeation. To solve these problems, the typical glass-lid encapsulation method has been used [1] . This encapsulation method is reliable and quite simple, but the brittle nature of glass means it cannot be applied to flexible devices. For flexible OLED devices, thin-film encapsulations are regarded as an alternative technology with immense prospects [2] [3] [4] . In particular, the organic-inorganic multilayer structure of thin-film encapsulation is a promising technology [5] [6] [7] [8] [9] [10] . Several types of chemical vapor deposition (CVD) techniques are applied for the deposition of silicon-based thin films including low pressure CVD [11] , plasma enhanced CVD [12] , and inductively coupled plasma CVD (ICPCVD) [7, 13, 14] , which all have certain characteristics. Among these, ICPCVD technology is promising and is widely used as a high-density plasma source. The high-density plasma enables the deposition of high-quality silicon-based thin film at lower temperatures. In addition, ICPCVD provides higher deposition rates due to higher dissociation efficiency and low plasma sheath potential near the chamber wall, reducing ion bombardment and enhancing uniformity [14] . In our previous works, properties of silicon oxide (SiO x ) and organic silicon (SiC x H y ) films prepared by ICPCVD were investigated [15, 16] . Organic silicon usually refers to compounds containing silicon-carbon and carbon-hydrogen bonds [17, 18] .
In this paper, inorganic SiO x and organic SiC x H y stacked layers were prepared using ICPCVD as thin-film encapsulation for OLED devices. The thickness of the SiO x layers was varied in order to reduce the water vapor transmission rate (WVTR). Additionally, to reinforce the effects provided by the SiO x layer, we introduced SiC x H y layers to offset the residual stress of the SiO x layer. The properties of WVTR and residual stress for different pairs of SiO x /SiC x H y stacked layers were investigated. Finally, the six-pair SiO x /SiC x H y stacked layer was applied to OLED encapsulation and showed excellent current-voltage-luminance characteristics and stable lifetime performance.
Materials and Methods
The SiO x and SiC x H y layers were prepared on polyethylene terephthalate (PET) substrates (5 × 5 cm 2 ) by a 13.56 MHz radio frequency ICPCVD system. A gas mixture of oxygen (O 2 ) and tetramethylsilane (TMS) was used for deposition of SiO x , while argon (Ar) and TMS were used to deposit SiC x H y . The detailed deposition parameters of SiO x and SiC x H y thin films are summarized in Table 1 . The WVTR of the films was measured by a WVTR permeation instrument (Permatran-WR Model 3/61, Mocon Inc., Minneapolis, MN, USA) under the conditions of 40 • C and 100% relative humidity (RH) [19, 20] . The residual stress of the SiO x and SiO x /SiC x H y layers was measured on silicon substrates by a laser profilometer (FLX-2320, Tencor, Milpitas, CA, USA) using Stoney's equation [21] :
(1)
where σ is the in-plane stress component in the film, E is Young's modulus of the substrate, h denotes the thickness of the substrate, ν is Poisson's ratio of the substrate, t is the thickness of the film, and R 1 and R 2 are the radii of curvature of the substrate before and after film deposition, respectively. The thin-film encapsulation of OLED devices was carried out using the SiO x (300 nm)/SiC x H y (30 nm) stacked layers. The pair number of the stacked layers was varied from 0 to 8. The current density-voltage (J-V) and luminance-voltage (L-V) characteristics were recorded simultaneously with the electroluminescence spectra by combining the PR650 spectrometer (Photo Research Inc., Chatsworth, CA, USA). The lifetime of the OLED device, defined as the time required for the luminance to degrade to 0%, was measured using an OLED lifetime test system (model 58131, Chroma ATE Inc., Taoyuan, Taiwan) under the conditions of 22 • C temperature and 70% RH. Finally, the cross-section microstructure of the OLED device was examined using transmission electron microscopy (TEM, Philips, Bend, OR, USA) and scanning electron microscopy (SEM, JEOL USA Inc., Peabody, MA, USA). 
Results
It is necessary for SiO x to have a thickness of a few micrometers for it to be used as an encapsulation layer. However, a thick SiO x single layer is usually accompanied by micro-cracks in the films due to the large residual stress. The main idea of this work was to prepare multiple SiO x /SiC x H y layers to encapsulate OLEDs on flexible substrates. The critical values of the thickness and residual stress for the SiO x single layer need to be determined, and then the SiO x can be stacked with a SiC x H y layer of an appropriate thickness to balance the residual stress. Thus, by repeating the SiO x /SiC x H y structure, the total thickness of the SiO x layer can be significantly increased. Figure 1 shows the WVTR at 40 • C/100% RH and the residual stress of the SiO x layers with different thicknesses, ranging from 100 to 500 nm. It can be seen that the SiO x with a thickness of 300 nm has the lowest WVTR value of 0.23 g/m 2 /day. The residual stress of the SiO x layers decreases from −97 to −458 Mpa as the thickness increases from 100 to 500 nm. The negative value sign represents the compressive stress, while the positive value sign is assigned to the tensile stress. The compressive stress increases with the increasing SiO x thickness. Compared to the 300 nm-thickness film, the SiO x films with thicknesses of 400 and 500 nm have an increased WVTR, due to their high compressive stresses leading to some micro-cracking in the SiO x . A similar relation between crack morphology and permeation of moisture and oxygen on PET has been reported earlier [22, 23] . Therefore, a layer with tensile stress (i.e., SiC x H y ) was expected to help compensate for the compressive stress of the SiO x layer.
It is necessary for SiOx to have a thickness of a few micrometers for it to be used as an encapsulation layer. However, a thick SiOx single layer is usually accompanied by micro-cracks in the films due to the large residual stress. The main idea of this work was to prepare multiple SiOx/SiCxHy layers to encapsulate OLEDs on flexible substrates. The critical values of the thickness and residual stress for the SiOx single layer need to be determined, and then the SiOx can be stacked with a SiCxHy layer of an appropriate thickness to balance the residual stress. Thus, by repeating the SiOx/SiCxHy structure, the total thickness of the SiOx layer can be significantly increased. Figure 1 shows the WVTR at 40 °C/100% RH and the residual stress of the SiOx layers with different thicknesses, ranging from 100 to 500 nm. It can be seen that the SiOx with a thickness of 300 nm has the lowest WVTR value of 0.23 g/m 2 /day. The residual stress of the SiOx layers decreases from −97 to −458 Mpa as the thickness increases from 100 to 500 nm. The negative value sign represents the compressive stress, while the positive value sign is assigned to the tensile stress. The compressive stress increases with the increasing SiOx thickness. Compared to the 300 nm-thickness film, the SiOx films with thicknesses of 400 and 500 nm have an increased WVTR, due to their high compressive stresses leading to some micro-cracking in the SiOx. A similar relation between crack morphology and permeation of moisture and oxygen on PET has been reported earlier [22, 23] . Therefore, a layer with tensile stress (i.e., SiCxHy) was expected to help compensate for the compressive stress of the SiOx layer. Figure 2 shows the residual stress of SiOx/SiCxHy stacked layers at different SiCxHy thicknesses (10-90 nm) while the SiOx thickness is kept at 300 nm. The SiCxHy layer is designed to be placed beneath the SiOx layer, as the SiCxHy layer can improve the adhesion of the SiOx to the substrate. It is found that the SiOx/SiCxHy stacked layers change from compressive stress to tensile stress, and the 30 nm-thickness is the most suitable since the total residual stress is about −31 MPa, the closest to zero. Thus, the overall thickness of SiOx can easily be increased to provide improved moisture resistivity while maintaining a low residual stress by increasing the stacked pair number of SiOx (300 nm)/SiCxHy (30 nm). Although not shown here, a WVTR at 10 −6 g/m 2 /day level can be reached when the stacked pair number is equal to or larger than six. For examples, the WVTR values of the six-pair and eight-pair SiOx/SiCxHy are 8 × 10 −6 and 6 × 10 −6 g/m 2 /day, respectively. These values satisfy the requirement of OLED encapsulation, which is suggested to be at least at a level of 10 −6 . Figure 2 shows the residual stress of SiO x /SiC x H y stacked layers at different SiC x H y thicknesses (10-90 nm) while the SiO x thickness is kept at 300 nm. The SiC x H y layer is designed to be placed beneath the SiO x layer, as the SiC x H y layer can improve the adhesion of the SiO x to the substrate. It is found that the SiO x /SiC x H y stacked layers change from compressive stress to tensile stress, and the 30 nm-thickness is the most suitable since the total residual stress is about −31 MPa, the closest to zero. Thus, the overall thickness of SiO x can easily be increased to provide improved moisture resistivity while maintaining a low residual stress by increasing the stacked pair number of SiO x (300 nm)/SiC x H y (30 nm). Although not shown here, a WVTR at 10 −6 g/m 2 /day level can be reached when the stacked pair number is equal to or larger than six. For examples, the WVTR values of the six-pair and eight-pair SiO x /SiC x H y are 8 × 10 −6 and 6 × 10 −6 g/m 2 /day, respectively. These values satisfy the requirement of OLED encapsulation, which is suggested to be at least at a level of 10 −6 . Figure 3a shows the J-V characteristics of OLED devices without encapsulation, with glass encapsulation, and with different numbers of pairs of SiO x /SiC x H y encapsulation. The series resistance (R s ) for the devices is sensitive to the encapsulation, as moisture diffused into the devices may cause deterioration in the properties of the electrode and the organic layer of the devices. R s can be estimated from the reciprocal slope at the high voltage region of the J-V curves. The values of R s were 3.11, 2.32, 1.95, 1.71, 1.58, and 1.11 for the device without encapsulation and those with two-pair, four-pair, six-pair, eight-pair, and glass encapsulation, respectively. The turn-on voltage, defined as the voltage when the luminance reaches 1 cd/m 2 , showed a similar trend to R s . The turn-on voltages were about 2.53, 2.51, 2.50, 2.49, 2.47, and 2.14 V for the device without encapsulation and those with two-pair, four-pair, six-pair, eight-pair, and glass encapsulation, respectively. The lower the turn-on voltage, Nanomaterials 2019, 9, 1053 4 of 8 the less power the OLED device consumes. This is also reflected in the L-V characteristics shown in Figure 3b . A device with a lower turn-on voltage requires less power input to reach a certain luminance. Therefore, for thin-film encapsulation, OLEDs with the six-and eight-pair SiO x /SiC x H y can be expected to have high luminous efficiency and low power consumption. Figure 3a shows the J-V characteristics of OLED devices without encapsulation, with glass encapsulation, and with different numbers of pairs of SiOx/SiCxHy encapsulation. The series resistance (Rs) for the devices is sensitive to the encapsulation, as moisture diffused into the devices may cause deterioration in the properties of the electrode and the organic layer of the devices. Rs can be estimated from the reciprocal slope at the high voltage region of the J-V curves. The values of Rs were 3.11, 2.32, 1.95, 1.71, 1.58, and 1.11 for the device without encapsulation and those with two-pair, four-pair, six-pair, eight-pair, and glass encapsulation, respectively. The turn-on voltage, defined as the voltage when the luminance reaches 1 cd/m 2 , showed a similar trend to Rs. The turn-on voltages were about 2.53, 2.51, 2.50, 2.49, 2.47, and 2.14 V for the device without encapsulation and those with two-pair, four-pair, six-pair, eight-pair, and glass encapsulation, respectively. The lower the turn-on voltage, the less power the OLED device consumes. This is also reflected in the L-V characteristics shown in Figure 3b . A device with a lower turn-on voltage requires less power input to reach a certain luminance. Therefore, for thin-film encapsulation, OLEDs with the six-and eight-pair SiOx/SiCxHy can be expected to have high luminous efficiency and low power consumption. Figure 3a shows the J-V characteristics of OLED devices without encapsulation, with glass encapsulation, and with different numbers of pairs of SiOx/SiCxHy encapsulation. The series resistance (Rs) for the devices is sensitive to the encapsulation, as moisture diffused into the devices may cause deterioration in the properties of the electrode and the organic layer of the devices. Rs can be estimated from the reciprocal slope at the high voltage region of the J-V curves. The values of Rs were 3.11, 2.32, 1.95, 1.71, 1.58, and 1.11 for the device without encapsulation and those with two-pair, four-pair, six-pair, eight-pair, and glass encapsulation, respectively. The turn-on voltage, defined as the voltage when the luminance reaches 1 cd/m 2 , showed a similar trend to Rs. The turn-on voltages were about 2.53, 2.51, 2.50, 2.49, 2.47, and 2.14 V for the device without encapsulation and those with two-pair, four-pair, six-pair, eight-pair, and glass encapsulation, respectively. The lower the turn-on voltage, the less power the OLED device consumes. This is also reflected in the L-V characteristics shown in Figure 3b . A device with a lower turn-on voltage requires less power input to reach a certain luminance. Therefore, for thin-film encapsulation, OLEDs with the six-and eight-pair SiOx/SiCxHy can be expected to have high luminous efficiency and low power consumption. Figure 4 shows the lifetime testing results for OLED devices without encapsulation, with glass encapsulation, and with different numbers of pairs of SiO x /SiC x H y encapsulation. The reduction of the luminance for the devices was recorded to evaluate the lifetime of the OLEDs and the performance of the encapsulation barriers. The tested devices were placed in a constant environment at 22 • C and 70% RH. In the OLED device with the standard glass-lid encapsulation the luminance decreased slowly, and the device lifetime was over 2500 h. The OLED devices with six-pair and eight-pair encapsulations exhibited lifetimes around 2000 h. The reduced lifetime for thin-film encapsulation samples may be ascribed to the thin-film deposition process that leads OLED devices to inevitably have contact with water-vapor residing in the ICPCVD chamber. Due to the needs for reductions of the weight and thickness of optoelectronic devices, the substitution of thin-film encapsulation for glass encapsulation is indispensable. Considering the fabrication time and performance, the six-pair SiO x /SiC x H y layer demonstrated great potential for OLED encapsulation.
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Conclusions
The silicon-based SiO x and SiC x H y layers were prepared on PET using the ICP-CVD system. In order to offset the residual stress, the thicknesses of SiO x and SiC x H y layers were optimized. The residual stress value was closest to zero for the 300 nm SiO x stacked with 30 nm SiC x H y . The performance of OLED devices is dependent on the thin-film encapsulation, especially the quality of the SiO x /SiC x H y stacked layers. The six-pair SiO x /SiC x H y stacked layer encapsulation for OLED device with low R s , low turn-on voltage of 2.49 V, and a lifetime of over 2000 h showed excellent protection from ambient moisture. These results suggest that six-pair SiO x /SiC x H y stacked layer thin-film encapsulation has great potential for OLED device encapsulation and provides an alternative to traditional glass-lid encapsulation.
